Female birds deposit significant amounts of steroid hormones into the yolks of their eggs. Studies have demonstrated that these hormones, particularly androgens, affect nestling growth and development. In order to measure androgen concentrations in avian egg yolks, most authors follow the extraction methods outlined by Schwabl (1993. Proc. Nat. Acad. Sci. USA 90:11446-11450). We describe a simplified method for extracting androgens from avian egg yolks. Our method, which has been validated through recovery and linearity experiments, consists of a single ethanol precipitation that produces substantially higher recoveries than those reported by Schwabl (1993. 
INTRODUCTION
The mechanisms that parents use to improve offspring fitness is central to the study of adaptive maternal effects [Mousseau and Fox, 1998 ]. Birds are an ideal system for investigating these effects because their eggs contain a number of resources that are important for embryonic development. Steroid hormones in egg yolk organize phenotypic differentiation and regulate physiological functions . Several steroid hormones have been identified in avian egg yolk: testosterone, 5a-dihydrotestosterone, androstenedione, and estradiol [Schwabl, 1993] ; progesterone [Lipar et al., 1999] ; corticosterone [Saino et al., 2005] . Of these, two androgens, testosterone and androstenedione, have been most widely researched because of their effects on nestling growth and development.
Differential deposition of androgens into egg yolk provides females with a means to adaptively modify offspring phenotype. Exposure to high androgen levels during embryonic development may shorten incubation period [Eising et al., 2001] , and increase begging vigor [Schwabl, 1996] , growth [Navara et al., 2005] , and survival [Pilz et al., 2004] in different species. Variation in the amount of androgens deposited into yolks occurs both within and between clutches. Within-clutch variation is believed to regulate sibling competition in species that produce asynchronously hatching clutches. Females can either increase [Lipar et al., 1999] or decrease yolk androgen levels [Schwabl et al., 1997] with egg lay order to counteract or reinforce the formation of a size hierarchy within the brood. Variation in androgen allocation among females has been attributed to environmental factors. Females that lay eggs containing higher levels of yolk androgens, may be experiencing social stress [Mazuc et al., 2003] , have mated with a more attractive male [Gil et al., 1999] , or are in poor health [Verboven et al., 2003] .
The concentration of androgens in avian yolk is most frequently assessed using radioimmunoassays, which are readily available, inexpensive, and extremely sensitive. Because androgens cannot be measured directly in the yolk, extraction is necessary to remove substances such as lipids and proteins that can bind to hormones or interfere with the binding of the hormone to the antibody. There is no standard method for extracting androgens from avian yolk. Most authors, however, follow the extraction protocol published by Schwabl [1993] . The efficiency of this method, assessed by adding a known amount of hormone to the yolk sample and then measuring the amount recovered after extraction, was found by Schwabl [1993] to be 59% for testosterone and 53% for androstenedione. Other investigators use different methods of extraction that have recoveries ranging from 49 to 85% [see von Engelhardt and .
We describe a simplified method for extracting androgens, testosterone (T) and androstenedione (A4), from avian egg yolks. The procedure consists of a simple ethanol precipitation using a single extraction, so as to reduce loss of hormone from experimenter error. In serum samples, ethanol is commonly used to remove proteins and extract steroids and other nonprotein hormones [Chopra et al., 1992] . We have assessed the efficiency of our extraction through parallelism and recovery experiments, and compared it with the protocol outlined by Schwabl [1993] . Our procedure produces recoveries substantially higher than those obtained by Schwabl [1993] .
METHODS

Preparation of Samples
This procedure was performed on eggs collected from a captive colony of Eastern screech owls (Megascops asio) at USGS-Patuxent Wildlife Research Center in Laurel, MD. All owl eggs used in this study were unincubated and had been removed from the nest within 24 hr of laying. Immediately after collection, all eggs were frozen at À701C.
To prepare yolks for hormone analysis, the frozen yolk was first separated from the albumin and weighed. Frozen yolks were then transferred to plastic 50 mL conical tubes and allowed to thaw at room temperature for 1 hr. Yolks were next diluted with phosphate-buffered saline (PBS). One milliliter of PBS was added per gram of yolk. Several glass mixing beads were added to the yolk. The yolk solution was vortexed for 5 min, and the sample was frozen at À701C until extraction.
Extraction Procedure
In preparation for extraction, yolk solutions were thawed and homogenized with a vortex for 1 min. Next, 100 mL of yolk was transferred into a 2 mL eppendorf tube. Yolk samples ranged in weight from 0.16 to 0.44 g (mean 5 0.23 g, n 5 30). Because hormone concentrations are expressed as nanograms per gram of yolk, variation in the sample masses do not contribute to error in the measurement of hormone concentrations. Then, 400 mL of PBS was added to further dilute the yolk; the sample was then homogenized and incubated at 371C for 1 hr.
After incubation, 500 mL of 100% ethanol was added to each sample. Upon adding ethanol, the samples were immediately homogenized for 1 min using a vortex, and allowed to incubate at room temperate for 10 min. Samples were then spun at 13,000 rpm in a micro-centrifuge for 10 min. The supernatant was poured into a sterile cryotube and frozen at À701C until an assay was performed.
Radioimmunoassay
In preparation for assay, ethanol extracts were thawed and spun in a centrifuge at 4,000 rpm for 10 min to remove any remaining lipids. Hormone concentrations were measured using commercially available coated-tube radioimmunoassay kits (Coat-A-Count r Testosterone 125I Kit, and Coat-A-Count r Direct Androstenedione 125I Kit, Diagnostic Products Corporation, Los Angeles, CA). These kits have highly specific antibodies and a low cross-reactivity with other androgens. In our testosterone assay, lower detection limits were 0.05 ng/mL and upper limits were 40 ng/mL. Lower detection levels of the androstenedione assay were 0.11 ng/mL, and upper detection limits were 8.7 ng/mL. Assays were run according to kit directions, with the exception that the kit standards, which are supplied in human serum, were replaced by standards diluted in 10% steroid free calf serum. This was added to the standard diluent to reduce nonspecific binding. In order to equalize the matrices of standards and samples, 10% steroid free calf serum was added to yolk extract samples, and steroid-stripped pooled yolk extract was added to standards and quality controls. Calf serum and pooled egg yolk extract were stripped of steroids using dextran-coated charcoal (DCC] 6241, Sigma Chemical, St. Louis MO) before use.
In total, T and A4 were measured in 30 eggs. All samples were run in duplicate. A total of three T assays and one A4 assay were conducted. Mean7SEM intra-assay variation of duplicate samples was 3.3670.24 for T and 6.5771.75 for A4. Inter-assay variation of quality controls was 1.38, 8.59, and 0.73% for low, medium, and high T controls.
Validation of Extraction Technique
Extraction efficiency
To determine extraction efficiency of both testosterone and androstenedione, we added a known amount of radioactively labeled hormone to the yolk sample before extraction, and measured the amount of radioactivity after the extraction process. In ten experimental samples each for T and A4, 100 mL of I-125 labeled hormone was added to 100 mL of yolk and 300 mL of PBS. In control samples, 100 mL of labeled hormone was added to 400 mL of PBS. In order to measure the total radioactivity present in the sample, two samples of 100 mL of labeled hormone were set aside. Yolk and control samples were then extracted as described above, and 500 mL of supernatant was transferred from each sample to an individual 12 Â 75 plastic test tube. The total amount of radioactivity in each sample was then measured in both yolk and control samples, and compared with the total count tubes in order to determine the recovery percentage in each sample.
Recovery
In order to verify that our extraction procedure removed all substances that would interfere with binding between the hormone and the antibody in the coated tubes, we tested assayable recovery of known amounts of T and A4. Yolk extracts were prepared as described above, and then a known amount of hormone was added to yolk extracts containing low values of either T or A4. This procedure was performed at three different dosage levels for both T and A4. Yolk samples without exogenous hormone were also measured to determine the amount of endogenous hormone in the sample. This experiment was repeated for eight samples from four eggs laid by four different females, and eggs were chosen randomly with respect to laying order.
Validation of Radioimmunoassay
Cross-reacting substances seldom react with the same binding constants as the antigen against which the antibody was designed. Tests of parallelism, which ensure that the assay maintains linearity under dilution, are taken as evidence that the substance being measured is actually the hormone of interest. Eight samples (four for T and four for A4) that contained high levels of hormone were diluted by 1:2, 1:4, and 1:8 with stripped yolk extract. These dilutions, as well as the full strength sample, were measured using the RIA procedure described above.
RESULTS
Both testosterone and androstenedione were successfully detected in the screech owl egg yolk. Testosterone concentrations of 30 eggs averaged 36.6472.80 ng/g and ranged from 11.46 to 76.06 ng/g. Androstenedione concentrations averaged 26.8872.14 ng/g and ranged from 9.73 to 62.43 ng/g. Our first set of recovery experiments demonstrated that the technique described here is sufficient to extract both testosterone and androstendione from screech owl yolk samples (Table 1) . Recovery ranged from 91 to 101% for both hormones, and did not differ between control and yolk samples (T: t 5 À0.326, df 5 18, P 5 0.75; A4: t 5 À1.390, df 5 18, P 5 0.18). Our second recovery experiment established that our method of precipitation removes any material that would interfere with the accuracy of the testosterone assay (Table 2) . Recovery of exogenous testosterone and androstenedione did not differ between dosage levels (T: F 2,11 5 0.48, P 5 0.63; A4: F 2,11 5 0.93, P 5 0.43).
Serial dilutions of screech owl samples measured an average of 91.2272.21% of expected values for testosterone and 102.4572.92% of expected values for androstenedione, and were all parallel to the standard curve (test of equal slopes, P>0.10) [Zar, 1996] . This suggests that no additional substances in the extract were cross-reacting with the antibody (Fig. 1) .
DISCUSSION
These results suggest that our procedure is effective for extracting two androgens, testosterone, and androstenedione, from the yolks of screech owl eggs. In addition, the performance characteristics of the radioimmunoassay (recovery of exogenous hormone, intra-and inter-assay variation, and parallelism) verify that it is accurate, precise, demonstrates linearity under dilution, and has the appropriate range of sensitivity.
The method we have developed is simpler and takes less time than previously described methods. Many authors follow the procedure outlined by Schwabl [1993] , which involves extracting samples twice with a combination of ethers and drying under a stream of nitrogen. The extracts are then dissolved in 90% ethanol, frozen, and then washed with hexane. Celite chromatography is used to further remove excess lipids. This process produces recoveries of less than 60% for both testosterone and androstenedione. In contrast, our extraction procedure produces recoveries higher than 86% for both testosterone and androstenedione.
Although pooling different inter-specific hormone data from different labs is common in comparative analyses [Gorman and Williams, 2005; Goymann et al., 2004; Ketterson et al., 2005] , this procedure assumes repeatability among the labs. Recovery rates often differ among extraction procedures, making comparative studies difficult. We suggest that the methods described here be used for examining yolk androgen concentrations in place of other published methods. Standardization will allow for accurate comparisons of yolk androgen concentrations among species, and facilitate a broader understanding of the evolutionary significance of yolk androgens.
CONCLUSIONS
(1) We have developed a method of extracting steroids from avian yolks using a single ethanol precipitation. ) vs. four serially diluted samples (logtransformed doses of 1:2, 1:4, and 1:8). All samples were parallel to testosterone and androstenendione standard curves (log-transformed doses of 0.5, 0.16, 0.49, 1.48, 4.44, 13.3, and 40 ng/mL (T) and 0.11, 0.32, 0.97, and 8.7 ng/mL (A4)).
